ABSTRACT. The aim of this study was to model the individual height and volume of eucalyptus wood in two integrated crop-livestock-forest systems (ICLF1 and ICLF2) in Campo Grande, a city in the state of Mato Grosso do Sul, Brazil. Classic nonlinear growth models were adjusted for height (Logistic, Gompertz, Richards, Weibull, Van Bertalanffy, Brody, Mitscherlich, and Chapman and Richards) and volume (Shumacher-hall nonlinear, Takata, Honner, Logistic, Gompertz, and Weibull) in two structural arrangements: ICLF1, with a spacing of 14 x 2 m and density of 357 trees ha . Diameter at Breast Height (DBH) measurements were performed in 100% of trees, with measurements of the total height of some individuals and a rigorous scaling procedure in diameter classes. According to the calculated value of Student's t-test, there was no significant evidence that DBH and the average height of the trees were different between ICLF1 and ICLF2. Based on the Akaike information criterion (AIC), the corrected Akaike information criterion (AICC) and the Bayesian information criterion (BIC), the Richards model was selected to estimate heights and the Takata model was selected to estimate the volume.
Introduction
Approximately 24 billion tons of fertile soils become useless annually, especially as a result of adopting agricultural systems that do not include soil conservation techniques (Heinrich-Böll-Stiftung, 2015) . Integrated crop-livestock-forest systems (ICLFs) are presented as an alternative to those models because they integrate forestry and agricultural activities in the same area (Machado, Madari, & Balbino, 2010) . The State of Mato Grosso do Sul, located in the Cerrado biome (Brazilian Savannah), has an estimated area of 500 thousand hectares of ICLFs in addition to the traditional vocation of livestock farming (Wruck, Behling, & Antonio, 2015) .
The introduction of the forestry component in that system has many advantages, such as the improvement of the microclimate (Porfírio-da-Silva, 2015) , animal welfare (Pires & Paciullo, 2015; Shibu, 2009) , soil conservation (Benavides, Douglas, & Osoro, 2009) , water conservation (Shibu, 2009) , increasing the retention of soil nutrients and reducing the conduction of nutrients to water sources (Nair, Nair, Kalmbacher, & Ezenwa, 2007) , in addition to increasing the wood supply (and other non-timber-products) for use in properties or commercialization (Porfírio-da-Silva, 2015) .
A tree is a dynamic biological organism that is constantly changing. This change is affected by the genetic capability of the species and its interactions with the environment, which vary according to age, the production capacity of the location, the degree of use of the productive potential and the silvicultural treatments applied (Campos & Leite, 2013) . It is necessary to measure that change over the years using different techniques and methodologies, among which mathematical modelling can be highlighted as having played a very important role in forest management.
It is possible to elaborate a forest management plan by means of a forest inventory, which estimates wood volume using information about tree height, species and density. In view of the extent of these data, it is not possible to inventory 100% of the trees in most areas of the forest, and it is necessary to select representative samples of the population to produce an estimate with a value as close as possible to the population parameter (Soares, Paula-Neto, & Souza, 2012) .
To estimate the stock of timber from even-aged or uneven-aged forests, it is necessary to estimate the tree height by using specific equations from hypsometric models (Campos & Leite, 2013) . It is possible to obtain hypsometric equations with good stability using data such as the height and Diameter at Breast Height (DBH) of a parcel of the inventory (Andrade & Leite, 2011) . For adjusting the volumetric equations, it is necessary to obtain data from the volume measurement of trees (Campos & Leite, 2013) , which can be obtained by measuring the diameters at different heights.
Different methods have been used to estimate wood volumes of forests, mainly with eucalyptus species, such as the use of volumetric models (Azevedo, Mello, Ferreira, Sanqueta, & Nakagima, 2011b) and the form factor (Azevedo, Sousa, Barreto, & Conceição Júnior, 2011a) . However, there is a lack of studies that model the individual height, volume and volumetric stock of timber in ICLF systems.
Therefore, the aim of this work was to model the hypsometric relation and the individual tree volumes in two integrated crop-livestock-forest systems (ICLF 1 and ICLF 2 ) in the Cerrado biome to quantify the total volumetric stock within each system. The hypothesis of the work is that the total height of individuals is directly related to DBH because the volume of wood of these systems is directly related to the height and DBH of the individuals and it is possible to use nonlinear growth models to adjust a hypsometric and volumetric equation for eucalyptus in crop-livestock-forest integration systems.
Material and methods
The experiment was conducted at Embrapa Gado de Corte in Campo Grande, a city of the state of Mato Grosso do Sul in the southwest of the Cerrado biome, with geographical coordinates of 20º27' S and 54º47' W at 530-m altitude in the watershed of the Piraputanga River. According to Köppen, the region's climate is in the transition zone between Cfa and Aw humid tropical climates, with an average annual rainfall of 1,560 mm. The soil in the area is characterized as dystrophic Red Latosol (Oxisol) with clay texture.
The treatments consisted of two spatial arrangements of eucalyptus in two ICLF systems. ICLF 1 trees were spaced two meters in the crop row and 14 meters between lines (357 trees ha ) and piatã grass (Urochloa brizantha cv. BRS Piatã). Each treatment area consisted of six hectares comprising four repetitions of 1.5 ha each. Soy cultivation was used in a cycle to replenish the grazing lands, with a four-year rotation system.
In September of 2008 the soil preparation consisted of plowing and harrowing, followed by liming (3.0 tons ha -1 ), gypsum application (1.0 ton ha -1 ) and subsoiling in eucalyptus crop rows with the aim of implanting the experiment.
Chemical analysis of the soil before the experiment implantation at a depth of 0-20 cm presented a clay content of 41 ± 5%, P (Mehlich , with two meters of space left for planting eucalyptus seedlings. The eucalyptus seedlings (hybrid Eucalyptus urophylla x E. grandis, clone H13) were planted in January 2009 in accordance with proposed treatments. On planting, seedlings had an average height between 15 and 20 cm and an average diameter at the stem of 2 mm. The tree rows were planted in the direction of the sun (westbound). Eighty grams of 5-25-15 (NPK) fertilizer per sulcus linear meter were applied on the top-dressing. Additionally, 300 grams of gypsum, 60 grams of MAP (monoammonium phosphate), 30 grams of potassium chloride, 50 grams of ammonium sulfate, six grams of zinc sulfate and six grams of borax were added per plant in the base fertilization (which was carried out at six, twelve and eighteen months after planting).
Soybeans were harvested in the first half of April 2009. Sorghum grains were seeded (cv. BRS 310) together with piatã grass (Urochloa brizantha cv. BRS Piatã) in the second half of April. Broadcast fertilization was carried out with 200 kg ha -1 of 5-25-15 (NPK) fertilizer; however, sorghum was not harvested because of the low productivity achieved, which is explained by a water deficit that occurred soon after seeding.
In April 2010, 80% of the eucalyptus trees showed DBHs over six cm, which allowed the first pruning up to two meters height, which allowed the entrance of nelore heifers during their period of reproduction in May 2010. The grazing method used was the continuous stocking system, with a variable stocking rate until July 2012.
To obtain higher quality wood, two additional prunings were carried out, the second in July 2011 up to four meters height and the third in July 2012 up to six meters height.
From September 2012 to March 2013 the step was repeated for the soybean crop, the implanting of piatã grass and the use of heifers for grazing.
Data Collection
Six years after planting, a census of treated trees was carried out considering the circumference at breast height (CBH) in centimeters of all individuals with bark. The measurements were made with the help of a tape measure; afterwards, the results of the CBH measurements were converted into DBH. The total height (h) in meters was measured for groups of 20 individuals in the crop rows with the help of a haglof compass clinometer.
The diametric data were distributed in seven classes for the scaling procedure with standing trees (a nondestructive method because this was an experiment) using a Criterion RD 1000 Electronic Dendrometer, Laser Technology, Inc, USA. Ten trees were selected based on diameter class and randomly distributed to cover the class range, producing 36 trees in the ICLF 1 system, 35 trees in the ICLF 2 , and a total of 71 cubed trees in both systems.
The Hohenadl's volume calculation method (5 sections) was used. Based on the total height of the trees, heights and diameters were obtained in the following proportions: 10%, 30%, 50%, 70%, and 90%.
Statistical analysis of collected data
The Student's t-test was considered significant at the 95% level for the variables DBH and total height. The test led to the definition of how the modeling of height and volume of each tree would be taken, by treatment or for the experiment as a whole.
A second Student's t-test was applied after calculating the individual tree volumes and the volumetric stocks per hectare to verify if there was a difference between treatments.
Modeling of height and volume
The nonlinear growth models were fitted to the DBH and height by the statistical package SAS (Statistical Analysis System) PROC NLIN; the parameters of the models were estimated by the Gauss-Newton method. For modeling, the eight nonlinear growth height models selected from the forest literature were fitted (Table 1) . Table 1 . Nonlinear growth models tested for modeling the height.
Chapman and Richards
Legend: h = total height of the tree (m); d = diameter situated 1.30 m from the ground (cm); exp = exponential; βi = coefficients of models.
To estimate the volumes, six nonlinear growth models selected in the forest literature were tested ( Table  2 ). The obtained data from the rigorous scaling procedure of five to seven trees per diameter class (which must be selected to faithfully represent the forest diametric distribution) are necessary for the adjustment of the volumetric equations (Campos & Leite, 2013) . 
Legend: v = volume (m³); d = diameter situated 1.30 m from the ground (cm); h = total height of the tree (m); exp = exponential; βi = coefficients of models.
Model Selection
The selection of the best regression model was based on the following statistical criteria: Akaike information criterion (AIC), corrected Akaike information criterion (AIC C ), Bayesian information criterion (BIC), lower standard error of estimate in percentage (S yx %) and coefficient of determination (R 2 ). The Akaike information criterion (AIB) (Akaike, 1974) , the corrected Akaike information criterion (AIC C ) and the Bayesian information criterion (BIC) (Akaike, 1978) were used to compare the adjusted models. The Akaike Information Criterion is defined by:
where: = log-likelihood maximized, = p + 1, and p represents the number of model parameters.
The Bayesian information criterion is defined as:
where: = number of observations. The lower the value of AIC and BIC, the better the explanation of the variability of the data by the model. The standard error of the estimation is a criterion widely used in the evaluation of the adjustment quality of dendrometric equations; it can be used in absolute dimensions (Syx) or percentages (Syx%) (Sanquetta et al., 2014) .
Results and discussion
The data of height and diameter at breast height of the trees in both spatial arrangements are presented in Table 3 . The treatments did not influence the evaluated characteristics (p < 0.05). The tolerance to competition and the efficiency in the use of environmental resources are factors that influence the growth and development of trees (Binkley, 2004; Boyden, Binkley, & Stape, 2008) . In a study of the influence of different spatial arrangements on the growth of different eucalyptus clones, Ferreira et al. (2016) concluded that space influences the behavior of eucalyptus clones and that there are differences in the growth of different genetic materials when they are implanted in the same space. However, the same genetic material, as well as the spacing, was used for both treatments in this study, which provided low stand plants; those facts thus justify the lack of significant differences in the evaluated characteristics in the present study.
The lack of significant differences between the variable averages (height and DBH) of the treatments provided a group of averages of height, DBH of cubed trees for unique databases; a single hypsometric equation was fitted that could estimate the height of trees that were not measured in both systems (Table 4) . Legend: βi = coefficients of models; R² = coefficient of determination; AIC = Akaike information criterion; AICC = corrected Akaike information criterion; BIC = Bayesian Information Criterion and Syx (%) = lower standard error of estimate in percentage.
Except for the nonlinear growth models of Weibull and Brody, all the models tested presented 99% adjustments related to the data (Table 4) . However, the equation that was adjusted in accordance with the Richards model was used for estimating the height of other trees that were not measured inside the population. The Richards nonlinear model presented the lowest values of AIC (961.8), AIC C (962), BIC (978.9), and S yx (%) (9.58) and was thus the model chosen to estimate the height of the unmeasured trees.
Models with biological realism are widely used in the forest environment to model the growth of forest stands (Vendruscolo et al., 2017) , and studies have proven the efficiency of these models, such as the Gompertz model, and for hypsometric relationships (Vendruscolo et al., 2015) . One study used nonlinear equations and neural networks to estimate the height of Crimean juniper trees and concluded that the nonlinear models of Gompertz and Bertalanffy-Richards, as well as neural networks, presented a valid solution for the data under study (Özçelik, Diamantopoulou, Crecente-Campo, & Eler, 2013) For the adjustment of the volumetric models (Table 2) , data were used from the volume calculation method of standing trees in accordance with the frequency in each DBH class (Table 5 ). All models achieved high values of R 2 (Table 6) , with variations from 0.95 to 0.99 that demonstrated a high level of relation between the volume and the independent variables (DBH and h). In a study of the hybrid Eucalyptus urograndis in the State of Goiás, Brazil, the authors tested four volumetric models and found adjusted coefficients of determination with variations from 0.9561 to 0.9890 (Venturoli & Morales, 2014) . The data also corroborated the findings of Lemos-Junior et al. (2016) , who tested 8 models and found coefficients of determination between 0.8793 and 0.9953. Legend: βi = coefficients of models; R² = coefficient of determination; AIC = Akaike information criterion; AICC = corrected Akaike information criterion); BIC = Bayesian Information Criterion and Syx (%) = lower standard error of estimate in percentage.
The nonlinear growth model of Takata presented the lowest values of AIC (-243.6 ), AIC C (-243.2), BIC (-236.8) , and Syx% (14.84%) (Table 6 ); the Takata model, as well as the model chosen to estimate the volume of trees measured and based on these parameters, is the most suitable for estimating the population volume. Miguel & Leal (2012) , studying a stand of Eucalyptus urophylla S. T. Blake located in the Niquelandia in the state of Goias, verified that the Takata model produced a homogeneous distribution of residues with a standard error of a very considerable estimate (8.86%) and a determination coefficient (R 2 % = 98.9) very similar to that found in the present study (R 2 % = 99). Venturolli (2014) studied the volumetry of a hybrid of Eucalyptus grandis x E. urophylla in the Cerrado and observed that the four models studied presented a correction of data superior to 95%, which stood out like the model of Takata (R 2 = 0.96). In a study of Eucalyptus grandis x urophylla in a 6-year-old crop-livestock-forest integration system in the city of Cachoeira Dourada, Goiás State, using several nonlinear growth models, the Takata model presented a 99% adjustment (Lemos-Junior et al., 2016) . After gathering the tree height data and the DBH measures of all trees from the census, it was possible to calculate (using the adjustment equation in accordance with the Takata model) the estimates for the individual volume of wood (m 3 tree -1
) and for the wood volume per hectare (m 3 ha -1
) at six years of age for each treatment. The Student´s t-test was used to verify if there were any differences between the average volumes of individual trees and per hectare volumes in both treatments (Table 7) . Averages followed by the same letter, in columns, do not significantly differ according to the p -value (p < 0.01).
Because there was no significant difference between heights and between DBHs of both systems, it was expected that the wood volume per plant would present a similar behavior; therefore, there was no significant difference (p < 0.01) between the wood productivity of individual trees in both systems. Lemos-Junior et al. (2016) studied an arrangement of eucalyptus in triple lines in a crop-livestock-forest integration system with 845 trees ha -1 and found a volume of 259.93 m 3 ha -1
. It was observed in the present study that in the ICLF 1 arrangement, the volume found was only reduced by 28%, although this system presented a lower tree value than the mentioned study (58%). For the ICLF 2 arrangement, with an even greater reduction in the number of individuals (73%), the reduction in volume was only 36%.
According to Oliveira, Macedo, Venturin, and Higashikawa (2009) , the production capacity of a small farm is achieved at first by planting with denser spacing compared with broader plantings. However, the initial differences of production tend to decrease over the years, although they become similar when the plants with more space completely use the available natural resources, which results in equivalent production per area for all spacings of the planting (Berger, Schneider, Finger, & Haselein, 2002) . Therefore, because of the huge spacings between eucalyptus rows in the present study, the production capacity of small farms has not yet been reached, which is highlighted by the similarity of wood productivity per tree between treatments. Table 7 shows that the production of wood per hectare in the ICLF 1 treatment was higher than the productivity presented in the ICLF 2 , which confirms the view that higher densities of trees give larger volumes of wood per area (Muller, Couto, Leite, & Brito, 2005; Ferreira et al., 2016) .
However, according to Ferreira et al. (2016) , the differences in the wood volume per hectare between lessdense and more-dense populations tend to decrease with the increase in the average age of the population because of increased competition for water, lighting, nutrients and space among individuals in the more-dense population, which thus reduces their growth rate. It is important to note that in large spacings, such as those of the present study, it is necessary to use a longer period of time so that the productivities of different spatial arrangements can become similar and the necessary resources for the growth of plants will be available for a long time.
Conclusion
The characteristics of total height, Diameter at Breast Height (DBH) and wood volume per tree were not influenced by spatial arrangements of simple lines until six years after the planting, but the number of plants heavily influenced the wood volume per hectare. The Richards nonlinear model estimated the individual heights of trees with greater accuracy, and the Takata nonlinear model estimated the individual volume of wood with bark with greater accuracy. There is a relationship between the height of the individuals and the DBH in crop-livestock-forest integration systems, as well as a relationship between volume and height and DAP.
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